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Abstract the operation of an inducticexccelerator anthe behavior
of a multicore cell can also be found in the literature [4,5].

A researchteam from theLawrenceLivermore National _. . .
Laboratoryand BechtelNevadaCorporation isdeveloping Figure 2(a) depictsthe basic elements of our prototype
induction adder,which contains three ARM-II solid state

an all solid-state power source for high-current induction

. : modulators surrounding a voltagamming stalk. When
accelerators. The original power system desilgneloped .
. ) ; : stackedtogether, the modulators act eslependenpulse
for heavy-ion fusioraccelerators, ibased onthe simple

idea ofusing anarray of field effectransistors (FETS) to transformers linked by a common secondary winding.

switch energyfrom a pre-chargedcapacitor bank to an Injector Induction Accelerator

induction acceleratorcell. Recently, thaidea has been l AT LT
expanded to accommodate the greater power needs of a new . 16720Mev 3—6kA

class of high-current electroacceleratorsfor advanced ///Accmerator\\

radiography. For this purpose, weeveloped a3-stage cell eigias
induction addethat uses ove#4000field effecttransistors .~ SN p )

N Power in
N

to switch peak voltages of 45 kV at currents up to 4.8
kA, with pulse repetition rates of up to 2 MHz. This (S —
radically advancedoower systemcan generate aurst of
five or more pulses that vary from 200 ns tqu® at a
duty cycle of up to 25%. Our newource is precise,
_robust_, erX|bIe_, and exceedsll previous drlygrs for Solid-state _%ﬂ_ :
induction machines by &actor of 400 in repetitionrate — =

and a factor of 1000 in duty cycle [1]. @ ®

Beam —>» Gap

Figure 1: (a) lllustration of a solid-state povesistem for
1 INTRODUCTION an inductionaccelerator. (bComputer design of a long-
pulse, three-core induction cell.

We are developing a radiographic concémt Stockpile

Stewardshipthat is based on asingle, high-current Load /\Vonagesummmgstalk
adds the voltage of

induction accelerator driven bysolid-state power. The
acceleratowill producebursts of 16-20 MeV, 3-6 kA
electron beams in long pulses that may vary from 200 ns
to 2us. Each beam will be cleaved by electromagnetic
“kicker” device that directs the divided beam portiaiwsvn
separate pathways [2]. The chopping action ofkibker
may berepeated orthe remaining portions of thbeam
until the desired number of beam segmemts/e at atest
chamber wher¢hey are convertednto x-ray sources for
radiography. The solid-statisiven acceleratoenables the
viewing process to beepeated atrates exceeding a
megahertz, while resetting the magnetic materiakach
accelerator core betweepulses. Further information
about thisand other advancedradiographicmethods for
Stockpile Stewardship is available in the literature [3].

f each modulator

=/'— ARM-II modulator

4~ Oil tank

— 1,344 field-effect transistors
(FETs)

— 448 insulated gate bipolar
transistors (IGBTs)

— 15kV charge voltage

— 4.8 kA switch current

— 1.8 kJ accelerator energy
— 450 J reset energy

ARM-II Solid-State Modulator

~ The two power sources illustrated in Figutéa) are Figure 2: (a) Simple diagram showing the internal
inductive  voltage adders that sum the voltage elements of athree-stagevoltage adder plus (b) a

contributions from three solid-state modulators. Trﬁhotographand specifications for an ARM-Il solid-state
output voltage from thedders ismultiplied by three at modulator.

the accelerating gagiue tothe transformer action dhree
induction cores within the cell. Figure 1(b) is a*EW0rk performed under the auspices of theS. Department of

. . . nergy by Lawrence Livermore National Laboratory under Contract
conceptual design of three-corecell. Detailsconcerning w-7405-Eng-48.
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2 ARM-II MODULATOR 3 INDUCTION ADDER AND

The ARM-II modulatorseachcontain four 20-kV, 44F CABLE-COUPLED POWER
capacitorbanks thatare switched across aape-wound The ARM-II modulatorsarebuilt to stack on top oéach
magnetic core using a modular array FETs.  Each gther as shown in Figure 4.

modulator also contains a reset system that insesated

gate bipolar transistol@GBTSs) to switch four 10-kV, 4-

UF capacitoibanks across the same magnetic core. The
goal of the reset system is to control the magnetic states
of the modulatorland acceleratarell so that a long burst

of pulses can be sustained without saturating the magnetic
core material.

Figure 3(a) is a simplified circuit diagram of ARM-I|
modulator. When the FETare commanded tolose, the
15-kV capacitorvoltage isapplied acrosghe induction
core and remains there until the FETs apened. Atthat e
time, thecorevoltagereversesand isheld atthe 7.5-kV
level by thelGBT switches. One should note that thdigure 4: Adder photograph showingthree ARM-II
core is loaded by a @resistor in series with diodethat Modulators.
acts toload the modulator duringhe accelerationpulse
(negative)but notduringthe reset pulse (positive). The Voltage fromeachmodulator isgathered by aoltage-
polarity-dependent loadingmitates the effect of an summing stalkand delivered to aset of 50Q cable
electron beam that is preseufiiring acceleratiout not connections that enable us to poweraaneleratocell at
during reset.  Figures3(b)-(d) aremodulator test data some remote location. Unfortunately, we have no long-

showing a 24s pulse. Figure 3(b) shows a voltage,ise electron beam tacceleratenor a large three-core
waveform with the reset pulsadjusted tomatch the volt- induction cell, as previously shown. What \have

secondvalue of theaccelerationpulse (flux balanced). managed to do iscalethe original concept, shown in
Figure 3(c) is anexpansion of theaccelerationpulse 9 9 P

showing that the core voltage is well shaped, but less tHaigure 1(@).down to the power level of the prototype

15 kV due tothe 0.75€ on-stateéimpedance othe FET adder,which is able todrive the smallest of thahree
array. accelerator coreshown in the figure. The loadingffect

Vcore—flux balanced of a single corecombinedwith an electron beam, is

i modeled by the simple network shown in Figure 5(a). In
this model, thecapacitor represents the lumpeffect of
the gap, gap insulatognd oil-cavity capacitances. The
inductor accounts for thensaturated inductance of the
core, while magnetization losses in tlemre during
acceleration areattributed to one of the five 5Q-
resistors. The remaining four &Dresistors imitate the
loading effect of a2.8-kA electron beam. The 110-
resistor and reversed diodembody the magnetization
losses in thecore during the resgbulse. Figure5(b)
shows the oil-immersed cell modednnected tdhe adder
via 50Q, high-voltage cables.
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Figure 3: ARM-II performance data showing (a) an Bottom plate (HV) ]
idealized ARM-II circuit diagram with (b) reset pulse @ ‘

. cables

matching the volt-second value of thecelerationpulse,
(c) expandedroltagewaveform and (d)total FET switch
current.

®
Figure 5: (a) Lumped-element model of arcelerator cell
and beam loathat is scaled tomatch the prototypedder

and (b) photograph of thelumped-element network
immersed in a tank of insulating oil.
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Figure 6 shows the voltagedcurrent response of theload. The simulation network islerived from series/
cell load to aburst of 1ps pulses at a pulsate of 200 parallel component values froeachmodulatorcombined
kHz. Theadder is adjusted to providehe appropriate with calculatedvalues ofinductanceand capacitance for
amount of reset voltagafter each acceleratiopulse. structure elements and transmission lines.

Figure 6(c) comparesell voltages for the firsand fifth ARM.IAILPC V6.02 vs 030599#09
pulses, which shows a voltage drop on the fifth pulse due 30; R

to capacitor bank droop. Lateersions of theadderwill D T N

eliminate this effect by actively regulating theadder 100

output voltage to the value of the last pulse. The FEEE of

switch currents inFigure 6(d) show a peak value of 4.3 o b (GBTs OFFI ~
kA. Figure 7 illustrates thereatflexibility that solid- & -101 ! E
statepower affords aninductionaccelerator byshowing a 2 200 " ol (B E
pulse schedulethat changes fronpulse to pulse. One § % SR TR T IR I v_ggn Emolodél) E
should note that the final long pulse (or long buas®)ids i - E
saturation by controlling the reset conditions azfrlier 40E 'IFET E
pulses. Bob A A IR R B

Vce”—flux balanced 0 1 2 3 4 5 (us) 6
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Figure 8: Comparisometweenmeasured angimulated
cell voltage at the accelerator cell load.

4 SUMMARY AND OUTLOOK

Experiments involving an all solid-state voltaagder and
lumped-element cell load hagemonstratedhe feasibility
of powering a high-current inductiosiccelerator apulse
rates beyond a megahertz. Furtlercouragement for
|m Wl' solid-state acceleratorpower is provided by electronic

il

JI ﬂlllll IIIIIIII: I

manufacturerswho produce devicesthat continue to
increase in speednd power while falling in cost. For
example, the estimated cost of powering teeelerator
Hw m Hl |’ depicted in Figure 1(a) has fallen by a factofieé since
i

"‘W}!me--nlﬂl-ﬂvnnw""lm m A estimates indicate that solid-state power is approaching the

8kvid, o ns/d SO0 Al S peld cost of conventionakcceleratorpower but with much
greater performance and flexibility.
Figure 6: 200-kHz burstiatashowing (b) five voltage
pulses with active resefg) comparison of firstand fifth 5 REFERENCES
voltage pulse at the celgnd (d)burst of FET current
pulses with a peak value of 4.3 kA on the first pulse.
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